ABSTRACT. Territorial behavior of Broad-tailed (Selasphorous platycercus) and Rufous (Selasphorous rufus) hummingbirds in Colorado was measured at sites with feeders containing10%, 20%, and 30% sucrose solutions, respectively. The presence or absence of territory holders, number of intruders, and intensity of defense were measured at the three levels of energy availability. Migrating Rufous Hummingbirds displaced Broad-tailed Hummingbirds from territories they had defended during the breeding season; Broad-tailed Hummingbirds then defended only lower quality sites. Both Broad-tailed and Rufous hummingbirds employed more energetically expensive behaviors when defending high quality sites, with longer chases more often supplemented with chip calls and hovering. Other investigators have suggested that chip calls and hovering are precursors to a chase. However, I found that chasing was the default response to the presence of an intruder. Chip calls and hovering were added to intensify a chase. In the few cases where chip calls were uttered or hovering occurred without a chase, Rufous Hummingbirds were more likely to exhibit this behavior than Broad-tailed Hummingbirds.
Territoriality in most hummingbirds centers on a food source (Johnsgard 1997) . Territories are vigorously defended by owners who employ energetically expensive behaviors to exclude intruders (Powers and Conley 1994) . The cost-benefit approach to understanding the economics of territoriality has been useful in studies of hummingbirds and other nectivorous birds (Krebs and Davies 1993) . When the costs of defending a territory outweigh the benefits of exclusive use, territorial behavior ceases (Brown 1 Current address: Centre for Applied Conservation Research, Forest Sciences Centre, University of British Columbia, 2424 Main Mall, Vancouver, B.C.,V6T 1Z4, Canada. Email: camfield@interchange.ubc.ca 1964). For instance, if the number of intruders is too high, an owner will spend more energy on defense than they gain from the resource.
Territorial defense by hummingbirds can involve chases, vocalizations, hovering displays, and attacks. As territory quality changes, individuals may shift their form of defense Carpenter 1978, Ewald and Bransfield 1987) . A higher quality territory may allow an owner to employ a more energetically expensive form of defense while maintaining a net energetic gain. Powers (1987) found that male Anna's Hummingbirds (Calypte anna) spent more time chasing intruders as sucrose concentration was increased on their territories, and Dearborn (1998) found that the intensity of territorial defense was higher during periods of resource supplementation. Intruder pressure and competition for a food source should also increase with the value of the defended resource (Powers 1987, Marchesseault and Ewald 1991 ). An increased level of defense by a territory owner may be the result of increased external pressure, increased energy availability, or both.
Hummingbirds are ideal subjects for studies of the economics of territorial defense. They are very territorial and, given their high metabolic rate, respond quickly to changes in resource quality. It is also easy to quantify and manipulate the quality of their food source Bransfield 1987, Armstrong 1992) . I studied the territorial behavior of Broad-tailed (Selasphorous platycercus) and Rufous (Selasphorous rufus) hummingbirds at feeders with three different concentrations of sugar solutions: 10%, 20%, and 30% sucrose (weight/volume). I measured the presence or absence of territorial behavior, intruder pressure, and the intensity of defense. I predicted that territorial behavior, intruder pressure, and the intensity of defense would be greater at feeders with higher sucrose concentrations. Further, I expected migrant Rufous Hummingbirds to displace resident Broad-tailed Hummingbirds when they were present on my study area.
Broad-tailed Hummingbirds breed throughout east-central Colorado from May to September (Calder and Calder 1992) , and Rufous Hummingbirds migrate through this area in July and August as they return to wintering areas in southern Mexico (Calder 1993) . Both male and female Rufous Hummingbirds are able to displace male Broad-tailed Hummingbirds from their territories (Kodric-Brown and Brown 1978, Kuban and Neill 1980) . The superior competitive abilites of Rufous Hummingbirds may be due to greater high-speed maneuverability associated with high wing loading ratios (Feinsinger and Chaplin 1975 , Calder 1993 , Dearborn 1998 . The displacement of subordinate hummingbird species by dominant species is well documented (Kodric- Brown and Brown 1978 , Powers and Conley 1994 , Sandlin 2000 . The study took place from 28 May 2001 to 6 August 2001. I set up feeders on 28 May and data were first recorded on 30 May. Feeders held 100 ml of solution and had only one feeding opening and no perch so birds had to hover while feeding. I hung feeders on metal poles 1.5 m above the ground. I assigned sucrose concentrations (10%, 20%, and 30% weight/volume) to sites randomly, with sites 1, 4, and 6 assigned 10% sucrose solutions, sites 3, 8, and 9 assigned 20% sucrose solutions, and sites 2, 5, and 7 assigned 30% sucrose solutions. Feeders were normally not emptied by the hummingbirds during the day, but I emptied and refilled each feeder daily to prevent sucrose concentrations from increasing as a result of evaporation.
METHODS

I studied hummingbirds in the Gunnison
I observed feeders daily for 1 h between 06:30 and 14:00 at each site. Observations were made 6-7 m from the feeders. Sites 1-5 were observed on 1 d, and sites 6-9 the next. I rotated the time of observation at each feeder to avoid temporal associations of activity levels and control for diurnal variation in territorial defense behavior. Due to inclement weather, sites with feeders containing 30% sucrose solutions could not be visited on two occasions. I recorded the presence or absence of territorial individuals at each site. I considered a site to be defended if a single hummingbird fed at the feeder, perched nearby, and chased other hummingbirds (intruders) that entered the area. Defense behaviors included chip calls, hovering, chasing, or attacking other hummingbirds. I also recorded the number of intrusions per observation period, and the species and sex of each intruder. If a territory owner was present, I recorded the duration (in seconds) of each chase and noted whether the defending hummingbird uttered chip calls, hovered, or attacked the intruder. Because Rufous Hummingbirds migrate through the area and generally only stop for 1-2 weeks while en route (Gass 1979 , Carpenter et al. 1983 , it is unlikely that all observations at a single feeder were of the same individual.
Several dependent variables used in the analysis were not normally distributed. The counts of number of intruders, number of chases, and the number of chip calls and hovers were modeled using a negative binomial distribution that is appropriate for nonnormal count data (Gardner et al. 1995) . Because I made repeated observations at the same sites, the analysis took into account the lack of independence of observations from the same site using Generalized Estimating Equations (GEE; Diggle et al. 1994) . A binomial distribution and GEE were used to model the counts of chipping and hovering, with and without chasing. Results of GEE analysis are reported as 2 values. GEE allowed for post hoc comparisons of the three treatments. Where post hoc comparisons were made, the Bonferroni correction for multiple comparisons was used and alpha was set at 0.02. For all other analyses, alpha was set at 0.05. Values are reported as mean ± 1 SE. All analyses were conducted using Proc Genmod in SAS release 8.2 for Windows (SAS Institute Inc 2001).
RESULTS
When Rufous Hummingbirds arrived in the valley, they displaced male Broad-tailed Hummingbirds that had been defending sites during the breeding season. Both male and female Rufous Hummingbirds defended feeders with 30% and 20% sucrose solutions and, occasionally, feeders with 10% sucrose solutions. Although male Broad-tailed Hummingbirds defended feeders with 10%, 20%, and 30% sucrose solutions before the arrival of the Rufous Hummingbirds, within 7 d of the arrival of Rufous Hummingbird, male Broad-tailed Hummingbirds defended only feeders with 10% sucrose solutions. During 55 observation periods, territorial individuals were present 52 times (Fig. 1) , and most (38 of 52, or 73.1%) were Rufous Hummingbirds. The three observation periods where no territorial behavior was observed were at feeders with 10% sucrose solutions.
The number of intruders increased significantly as sucrose concentrations increased (10% vs. 20% N = 35, Table 1 ). Because intruders were usually chased, the number of chases also increased as sucrose concentration increased (10% vs. 20% N = 35, 2 1 = 25.7, P < 0.0001; 10% vs. 30% N = 33, 2 1 = 58.0, P < 0.0001; 20% vs. 30% N = 36, 2 1 = 36.1, P < 0.0001; Table 1 ). The average chase was longest in duration at feeders with 30% sucrose solutions and shortest at feeders with 10% sucrose solutions (10% vs. 20% N = 34, 2 1 = 43.6, P < 0.001; 10% vs. 30% N = 32, 2 1 = 74.1, P < 0.001; 20% vs. 30% N = 36, 2 1 = 20.5, P < 0.001; Table 1 ). The most common response of territory owners, regardless of species, to an intruder was chasing. Territory holders responded with chip calls and hovering along with a chase more often at feeders with 20% and 30% sucrose solutions than at feeders with 10% sucrose solutions (10% vs. 20% N = 166, the feeders with 20% and 30% sucrose concentrations after arrival of Rufous Hummingbirds. Although Dunford and Dunford (1972) reported that a male Broad-tailed Hummingbird defended a territory against a male Rufous Hummingbird, migrating Rufous Hummingbirds usually displace resident Broad-tailed Hummingbirds (Kodric- Brown and Brown 1978, Calder 1993 ). Powers and Conley (1994) and Sandlin (2000) suggested that, in the presence of a dominant hummingbird species, subordinate species shift foraging preferences from high-to lowquality food patches in lieu of participating in energetically costly aggressive interactions. In my study, Broad-tailed Hummingbirds shifted their defense activity from the feeders with 20% and 30% sucrose concentrations to those with 10% sucrose concentrations after Rufous Hummingbirds arrived. This shift may have been due to the increased energetic costs of defending higher quality feeders as more birds arrived in the area. Alternatively, Dearborn (1998) proposed that there is a "cost of engagement" in aggressive encounters. As the cost of engagement increases, so do the risks of pursuing an interaction. Male Broad-tailed Hummingbirds may have shifted to feeders with 10% sucrose concentrations in the postreproductive period to avoid the costs of engaging in an aggressive interaction with dominant Rufous Hummingbirds.
Both Broad-tailed and Rufous hummingbirds exhibited more defensive behavior at feeders with high concentrations of sucrose than at feeders with lower concentrations. Chases were longest at high quality feeders and were more often supplemented with chip calls or hovering than chases at low quality feeders. Chase duration may have increased as sucrose concentration increased because intruders were more persistent at high quality feeders or because territory holders were more aggressive in defending higher quality sites. Either way, these results support the hypothesis that the intensity of defense reflects resource quality. Similarly, Camfield (2003) studied the display behavior of male Broad-tailed Hummingbirds and found that high quality sites received more visits from females and males defending these sites had higher display rates than males defending low quality sites.
I found that the number of intruding hummingbirds increased as territory quality increased. This trend was also shown for Black-chinned (Archilochus alexandri) and Blue-throated (Lampornis clemenciae; Powers and McKee 1994) hummingbirds and for Anna's Hummingbirds (Marchesseault and Ewald 1991) . In my study, the number of chases, chip calls, and hovers also increased with territory quality. These results were expected because high quality sites yield a higher energetic return for the territory defender and, potentially, for the intruding individual.
Kodric- Brown and Brown (1978) suggested that, in the presence of an intruder, territorial hummingbirds first utter chip calls and display (by flashing their throat gorget) and, if the intruder is not repelled, they will begin a chase. I found the opposite; the default response of territory owners was to chase the intruder. Chip calls were often added to supplement a chase, but were rarely used alone. Similarly, Ewald and Bransfield (1987) studied Black-chinned and Anna's hummingbirds and concluded that chip calls were used to intensify defense, not as a precursor to a chase.
Rufous Hummingbirds in my study were more likely than Broad-tailed Hummingbirds to utter chip calls in response to intruders and not chase them. Because Rufous Hummingbirds are dominant to Broad-tailed Hummingbirds, uttering chip calls may provide sufficient warning and require less energy than chasing. Similarly, Ewald and Bransfield (1987) found that dominant Anna's Hummingbirds defended territories from subordinate Blackchinned Hummingbirds using chip calls rather than chases to save energy.
Some limitations of my study design may have affected interpretation of the results. It is possible that higher quality individuals established territories at higher quality sites. The increased level of defense observed at high quality feeders could reflect differences between individuals and may have been influenced only indirectly by resource value. Also, because I was unable to identify individuals, I could not quantify the rate of turnover of territory holders at each site. Differences in turnover at high and low quality sites could have influenced defensive behavior. Despite these limitations, it was still apparent that hummingbirds occupying high quality territories used different defensive behaviors than those occupying low quality territories.
Because my study involved the use of artificial feeders, the behavior of hummingbirds at natural feeding sites may differ. It may be obvious to an intruder that a territory with a feeder has an unnaturally rich food supply (Dearborn 1998) . The presence of an augmented food source might change the behavior of an intruder and may also affect defensive behaviors of territory holders. Despite these potential issues, this type of study is useful in furthering our understanding of the mechanics and economics of hummingbird territorial behavior. ACKNOWLEDGMENTS I thank J. Edgar for her invaluable assistance in the field, the Rocky Mountain Biological Laboratory for permitting me to use their facilities, B. Low, J. Foufopoulos, K. Martin, S. Wilson, and anonymous reviewers for suggestions
